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(57) ABSTRACT 

An optical or symbol reader including CMOS circuitry 
preferably integrated on a single chip. A CMOS optical 
reader chip comprises a CMOS imaging array having a 
plurality of pixels each With a dedicated pixel-site circuit. 
Charge is accumulated at each pixel location transferred 
upon demand to a common bus. In a preferred embodiment, 
exposure time of the imaging array is controlled using a 
feedback loop. One or more exposure control pixels are 
positioned adjacent to or Within the imaging array and 
receive light along With the imaging array. The charge of the 
exposure control pixel or pixels is measured against a 
threshold level, and the amount of time taken to reach the 
threshold level determines the time exposure of the pixels of 
the imaging array. CMOS signal processing circuitry is 
employed Which, in combination With the exposure control 
circuitry, minimizes time-to-read over a large range of light 
levels, While performing spatially optimal ?ltering. Clock 
ing cycles and control signals are time-adjusted in accor 
dance With the varying output frequency of the imaging 
array so as to provide invariant frequency response by the 
signal processing circuitry. A multi-dimensional CMOS 
imaging array is also provided having simultaneous pixel 
exposure With non-destructive readout of the pixel contents. 

28 Claims, 11 Drawing Sheets 
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OPTICAL READER WITH CONDENSED 
CMOS CIRCUITRY 

RELATED APPLICATION DATA 

This application is a continuation of Ser. No. 09/183,391, 
?led Oct. 29, 1998, and a divisional of Ser. No. 08/697,408, 
?led Aug. 23, 1996, Which is a continuing application of 
US. Provisional Application Ser. No. 60/003,256 ?led on 
Aug. 25, 1995, hereby incorporated by reference as if set 
forth fully herein. 

BACKGROUND OF THE INVENTION 

1) Field of the Invention 
The ?eld of the present invention relates to reading 

symbols such as bar codes, and more particularly to a bar 
code or symbol reader having integrated optical and signal 
processing circuitry. 

2) Background 
Currently available bar code readers typically have from 

ten to ?fty integrated circuits, as Well as several doZen 
mechanical and optical parts. The market demands, 
hoWever, are for dramatically decreased cost and siZe of bar 
code readers, Without sacri?cing reliability or performance. 
A reduction in the number of parts used in bar code readers 
Would help meet these demands. 

Previous attempts to reduce, through various levels of 
integration, the number of parts in visible laser-based scan 
ners have been fraught With difficulties. Visible laser diodes, 
Which are typically made using AlGaInP material, cannot be 
directly integrated on a silicon substrate, Which is Where at 
least some part of the electronic or signal processing cir 
cuitry is likely to be resident. Hybrid approaches, Whereby 
the laser diode is mounted to a thermally-conductive pad 
Which in turn is mounted on a silicon substrate, have been 
demonstrated by Sony Corporation (for example, in their 
laser coupler used in compact disc products). In this type of 
construction, the performance of the electronic circuitry on 
the silicon substrate suffers because of the large thermal 
gradient across the die. Performance is also adversely 
affected by photo-recombination from stray laser light, caus 
ing an increase in noise levels. Moreover, reliability is also 
relatively poor, as With many laser-based scanner products, 
because of huge poWer density at the laser junction. 
Some bar code readers use charge-coupled devices 

(CCDs) as a substitute for a laser diode. Integration of circuit 
components in these systems, hoWever, is also dif?cult, 
primarily because CCD chips typically require highly 
specialiZed metal-oxide semi-conductor (MOS) processes 
Which are poorly suited for fabrication of other types of 
circuitry. For example, fabrication of high-transconductance 
?eld-effect transistors (FETs), generally needed in the con 
struction of an operational ampli?er, is not practical using 
the same MOS processes required of most CCD chips. 
Further, fabrication costs for this specialiZed process, per 
unit of silicon area, are considerably higher than those for 
conventional bipolar and CMOS processes, largely because 
very high silicon purity is needed to achieve reasonable 
charge transfer ef?ciency. Thus, integration of circuitry in a 
CCD-based bar code reader is dif?cult and, even if possible, 
Would be relatively costly from a manufacturing standpoint. 

The present inventors have therefore determined that it 
Would be advantageous to provide a bar code or symbol 
reader having circuitry that is relatively easy to integrate, yet 
not prohibitively expensive to manufacture. It Would further 
be advantageous to provide a bar code reader having a 
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2 
reduced number of parts, and, in addition, to provide a 
reduced-siZe bar code reader incorporating integrated opti 
cal and signal processing circuitry. 

SUMMARY OF THE INVENTION 

The present invention provides in one aspect an optical 
reader including integrated CMOS circuitry. A CMOS imag 
ing array receives light at a multiplicity of pixel locations 
and converts the resulting charge to voltage locally at each 
pixel site. The charge is transferred upon demand directly to 
a common metal bus. The CMOS imaging array may be 
integrated With other CMOS circuitry in the optical reader. 

In another aspect of the present invention, exposure time 
of the imaging array is controlled using a feedback loop. 
One or more exposure control pixels are positioned adjacent 
to or Within the imaging array and receive light along With 
the imaging array. The charge of the exposure control pixel 
or pixels is measured against a threshold level, and the 
amount of time taken to reach the threshold level determines 
the time exposure of the pixels of the imaging array. Both the 
exposure control pixel or pixels and the control loop can be 
fabricated using the same CMOS process, and located on the 
same substrate as the imaging array. The exposure time may 
be optimally or near optimally set before the user enables the 
bar code reader, reducing the amount of time needed to read 
a symbol or code (e.g., a bar code label). 

In another aspect of the invention, CMOS signal process 
ing circuitry is employed Which, in combination With the 
exposure control circuitry, minimiZes time-to-read-over a 
large range of light levels, While performing spatially opti 
mal ?ltering. Clocking cycles and control signals are time 
adjusted in accordance With the varying output frequency of 
the imaging array so as to provide invariant spatial fre 
quency response by the signal processing circuitry. These 
signal processing schemes may be efficiently realiZed in 
CMOS. 

In another aspect of the invention, a multi-dimensional 
imaging array is provided having simultaneous pixel expo 
sure With non-destructive readout of the pixel contents. The 
multi-dimensional imaging array may comprise a tWo 
dimensional pattern, such as a grid or other combination of 
linear imaging arrays, With certain selected pixels being 
utiliZed in more than one linear imaging array. The non 
destructive readout capability alloWs the same pixels to be 
read out multiple times, once for each linear imaging array 
of Which the pixel is a member. 

Further variations and modi?cations to the above are also 
described herein. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of a preferred optical reader. 
FIGS. 2 through 5 are diagrams of various alternative 

CMOS imaging array patterns. 
FIGS. 6 and 7 are diagrams of a preferred pixel-site circuit 

forming part of an active-pixel CMOS array, and FIG. 8 is 
a diagram of an alternative embodiment of a pixel-site 
circuit. 

FIG. 9 is a timing diagram associated With the circuit of 
FIGS. 6 and 7. 

FIGS. 10 and 11 are timing diagrams illustrating the 
operation of a preferred optical reader including adaptive 
exposure circuitry in loW level light and high level light, 
respectively. 

FIG. 12 is a timing diagram illustrating operation of an 
alternative embodiment of an optical reader including adap 
tive exposure circuitry. 
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FIGS. 13 and 14 are diagrams of a CCD cell in accordance 
With a preferred embodiment of the invention having non 
destructive read-out and simultaneous exposure of the CCD 
cells. 

FIG. 15 is a diagram of a single-pixel controlled adaptive 
exposure circuit. 

FIG. 16 is a block diagram of an imaging array and 
associated address circuitry according to one embodiment of 
the present invention. 

FIG. 17 is a block diagram of an adaptive exposure 
control loop. 

FIG. 18 is a timing diagram illustrating one means for 
providing an adjustable exposure time period. 

FIG. 19 is a block diagram illustrating an alternative 
embodiment of an adaptive exposure control circuit. 

FIG. 20 is a diagram of an optical reader including a lens 
and condensed CMOS circuitry. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

FIG. 1 is a block diagram of an optical reader having a 
preferred single-chip optical reader architecture. Each of the 
components shoWn in FIG. 1 is preferably integrated on the 
same chip using the same CMOS process and sharing share 
the same silicon substrate. HoWever, in some embodiments 
feWer than all of the components shoWn in FIG. 1 may be 
integrated in such a manner, or other additional components 
may also be integrated onto the same chip. 

In FIG. 1 is shoWn a optical reader chip 100 comprising 
an imaging array 102 connected to a gain/offset block 103 
and to a shutter time controller 121. The gain/offset block 
103 may apply a constant gain and offset for all pixels, or 
may provide unique gain and/or offset for each pixel to 
compensate for pixel-to-pixel non-uniformities. The gain/ 
offset block 103 outputs a video signal 112 that is optionally 
connected to an analog-to-digital converter 105 for 
conversion from analog to digital format. The video signal, 
Whether in analog form or digitiZed by A/D converter 105, 
is then passed to a loW pass ?lter 106. The loW pass ?lter 106 
is connected to an edge detector 107, Which outputs a BAR 
signal 113. The BAR signal 113 is also connected to an 
optional on-chip symbol decoder 109, Which outputs a 
character data signal 114 and a character clock signal 115. 

Also shoWn in FIG. 1 is a pixel clock signal 124 con 
nected to an address generator/decode logic block 123 and 
to a clock generator 122. The pixel clock signal is optionally 
connected to the A/D converter 105 (if included), the loW 
pass ?lter 106 (if digital), the edge detector 107 (if digital), 
and the symbology decoder 109 (if included on-chip). The 
address generator/decode logic block 123 is connected to the 
imaging array 102 and receives an input from the clock 
generator 122. The shutter time controller 121 is also 
connected to the clock generator 122. 

In operation, the imaging array 102 receives light that is 
preferably gathered and focused by an imaging system (not 
shoWn) Which may comprise one or more lenses and other 
conventional imaging components, and in particular may 
comprise a multi-focus lens and slitted aperture or other 
features described in copending US. Pat. No. 5,770,847, or 
in US. Pat. No. 5,814,803, both of Which are hereby 
incorporated by reference as if set forth fully herein. 

The imaging array 102 comprises a plurality of photo 
sensitive pixels, and outputs a signal indicative of a level of 
received light at each selected pixel location. When a pixel 
receives light, a charge builds up at the pixel location. When 
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4 
the charge is read out onto an output bus, as explained 
hereafter, a voltage, proportional to the number of electrons 
collected, appears on the output bus. 

In a preferred embodiment, each pixel is individually 
accessible by a select signal applied to the imaging array 
102. In FIG. 1, a select signal 125 for this purpose is applied 
to the imaging array 102 from the address generator/decode 
logic block 123. The select signal 125 comprises an address 
location corresponding to a selected pixel of the imaging 
array 102. In a preferred embodiment, the address generator/ 
decode logic block 123 generates pixel addresses in a 
sequential fashion such that pixels of imaging array 102 are 
selected and read out sequentially under control of select 
signal 125. Alternatively, pixels may be selected other than 
sequentially, and some pixels may be read out more than 
once, as described With respect to various embodiments 
detailed further herein. 

FIGS. 6 and 7 shoW in more detail a preferred pixel-site 
circuit 150 forming part of an active-pixel CMOS imaging 
array, as may be used for imaging array 102. FIG. 7 depicts 
a circuit schematic of the pixel site circuit 150, While FIG. 
6 depicts a schematic of the pixel site circuit including 
representation the charge stored in MOSFET Q1 using a 
potential graph 159. 

The pixel-site circuit 150 of FIGS. 6 and 7 comprises a 
source folloWer metal-oxide silicon ?eld-effect transistor 
(MOSFET) Q1 Which converts charge to voltage and pro 
vides a loW impedance output at the pixel location. In 
operation, valence electrons are excited into the conduction 
band by photons impinging upon an extended photogate 
region 157 of the source folloWer MOSFET Q1. These free 
electrons are stored in a potential Well, Which is bounded 
during the collection period by holding reset line 151 at a 
loW potential. When the collection period is complete, a 
select line 152 is asserted, turning output select MOSFET 
Q2 on and biasing source folloWer MOSFET O1 in its active 
region. A voltage, proportional to the number of electrons 
collected, then appears on the output bus 153. Increasing the 
voltage of reset line 151 sufficiently activates MOSFET Q3 
thereby opening up the potential Well and alloWing the 
photo-generated electrons to drain to the supply voltage 
node VDD 154, clearing the stored charge. 

If its inactive potential is appropriately chosen, the reset 
gate 156 shoWn in FIG. 6 (i.e., the gate of Q3 shoWn in FIG. 
7) may function as an over?oW mechanism When the num 
ber of electrons exceeds the capacity of the potential Well. 
This helps prevent so-called “blooming” caused by over?oW 
of electrons from one pixel spilling into adjacent pixels. 

In an alternative embodiment, current is generated using 
a conventional P-N or P-I-N photodiode (i.e., a diode having 
an undoped silicon region sandWiched betWeen P-doped and 
N-doped regions), the current being integrated over the 
exposure time and stored on the gate capacitance of a 
MOSFET. This alternative embodiment is illustrated in FIG. 
8. The operation of the FIG. 8 circuit is analogous to that of 
FIG. 7, except for the addition of a photo-sensitive diode 
149, and the use of a MOSFET Q1‘ that has an ordinary gate 
instead of a photogate. In operation, the photo-sensitive 
diode 149 generates a current in response to light incident 
upon the photo-diode 149, and builds up a charge at the gate 
of the MOSFET Q1‘. The voltage level associated With the 
stored charge can be read out by assertion of select signal 
152‘, and the stored charge can be dumped by assertion of 
reset signal 151‘. 

Imaging array 102 preferably comprises a plurality of 
pixels each having a pixel-site circuit 150 such as shoWn in 
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FIGS. 6 and 7. A block diagram of an exemplary imaging 
array along With associated selection circuitry is shoWn in 
FIG. 16. The FIG. 16 imaging array 400 comprises a 
plurality of pixels 401a—n, comprising a plurality of photo 
sensitive detectors 402a—n, one for each pixel 401a—n. Each 
of the plurality of photo-sensitive detectors 402a—n is con 
nected to a pixel-site circuit 403a—n (each of Which 
comprises, for example, a pixel-site circuit such as shoWn in 
FIGS. 6 and 7). FIG. 16 also shoWs a plurality of select 
signals 405a—n and reset signals 406a—n, one for each pixel 
40la—n. 

Each pixel-site circuit 403a—n is connected to a common 
output bus 408. An address select signal 410 is input to the 
imaging array and selection circuitry, and is connected to an 
address decoder 411. A master select signal 412 and master 
reset signal 413 are also provided to address decoder 411. 
The address decoder 411 decodes the address select signal 
410 and, based on its inputs, asserts one of select signals 
405a—n and/or one of reset signals 406a—n at a time, thereby 
activating the corresponding one of pixel-site circuits 
403a—n. If its select signal 405 is active, then the selected 
pixel-site circuit 403 transfers its accumulated charge to the 
common output bus 408. If its reset signal 406 is active, then 
the selected pixel-site circuit 403 dumps its charge and 
clears its photo-detector 402. Using the address select signal 
410, pixels 401a—n may be accessed sequentially or 
randomly, so that the contents of all or a selected number of 
the pixels 401a—n may be read out. 

In an alternative embodiment, a serial shift register may 
be used in place of address decoder 411. An initial pulse 
provided to the serial shift register ripples from stage to 
stage of the serial shift register. Each stage of the serial 
register is tapped, and the output of each stage is connected 
to an individual pixel as the control signal for that pixel. The 
control signal can be gated With clock signals in various 
fashions that Will be apparent to one skilled in the art to 
generate the pulses needed for the reset and select signal. An 
advantage of the alternative embodiment using a serial shift 
register is its potential savings of required silicon area over 
a decoder embodiment. 

FIG. 9 is a timing diagram associated With the FIG. 16 
imaging array and selection circuitry. The FIG. 9 diagram 
shoWs relative timing for tWo adjacent pixels 401 of the FIG. 
16 imaging array 400, but can be extrapolated to cover an 
arbitrary number N of pixels 401. 
As noted, each pixel is provided With its oWn select line 

405a—n and reset line 406a—n. FIG. 9 shoWs the timing of a 
select signal 161 and reset signal 160 for a ?rst pixel 401 on 
the same graph as a select signal 164 and reset signal 163 for 
a second pixel 401. FIG. 9 also depicts the gate voltage 
signal 162 corresponding to the voltage stored by the 
photogate 157 (see FIGS. 6 and 7) of the pixel-site circuit 
403 for the ?rst pixel 401, and the output bus voltage signal 
165 shoWing changes in the voltage level of the output bus 
408 (or output bus 153 in FIGS. 6 and 7). 
When the ?rst pixel 401 is selected by select signal 161 

going high, the output of the ?rst pixel 401 is sampled on the 
output bus 408. Thus, at the same point 170 Where select 
signal 161 goes high, the output bus voltage signal 165 takes 
on the level of the voltage of gate voltage signal 162. This 
information may be passed along from the output bus 408 to 
another system component, such as gain/offset block 103 
shoWn in FIG. 1. After the output of the ?rst pixel 401 is read 
out, the reset signal 160 is activated, causing the ?rst pixel 
401 to dump its charge. Thus, at point 171, the voltage level 
shoWn for the gate voltage signal 162 is shoWn being reset 
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to the supply voltage. During the reset signal active period 
betWeen points 171 and 172, the dark level of the pixel 401 
is sampled over the output bus 408, as re?ected in output bus 
voltage signal 165, Which information may likeWise be 
passed along from the output bus 408 to another system 
component making use of the information. 

The gate voltage signal 162 is clamped for as long as the 
reset signal 160 is held high. After the reset signal 160 goes 
loW, the photo-detector associated With the ?rst pixel 401 
begins to integrating charge once again for the next read, as 
illustrated by the gradually doWnWard sloping characteristic 
of the graph of the gate voltage signal 162. 
The select signal 161 and reset signal 160 for the ?rst 

pixel 401 are sWitched to loW at substantially the same time. 
When those signals sWitch states at point 172, the select 
signal 164 for the next pixel 401 is activated. The output of 
the second pixel 401 is then sampled on the output bus 408, 
as re?ected by the output bus voltage signal 165 shoWn in 
FIG. 9. After a suf?cient reading time, the reset signal 163 
for the second pixel 403 is activated, causing the second 
pixel 401 to dump its charge at point 173. When the charge 
has been dumped, the select signal 164 and reset signal 163 
for the second pixel 401 sWitch states and, if desired, more 
pixels can be read. 

The result of the timing pattern illustrated in FIG. 9 is to 
yield a signal voltage level 182a—n and a reset voltage level 
183a—n for each pixel 401a—n, assuming all of the pixels 
401a—n are read. The signal voltage level 182a—n is adjacent 
to the reset voltage level 183a—n for each pixel 401a—n. At 
the output of the imaging array 400, the signal voltage level 
182 may be subtracted from the reset voltage level 183 for 
each pixel 401, so as to reduce variations in threshold 
voltage of the source folloWer MOSFET Q1 used in the 
pixel-site circuit 402, potentially the largest contributor to 
?xed pattern noise. The subtraction circuitry (not shoWn) 
suitable for such a purpose is considered Within the purvieW 
of one skilled in the art, and may be incorporated as part of 
the imaging array 102 circuitry and in any event is prefer 
ably resident on the single-chip optical reader 100 (see FIG. 
1). 

FIGS. 2 through 5 depict various alternative CMOS 
imaging array patterns. FIG. 2 depicts a CMOS imaging 
array 130 having a single-line pattern 131 of pixels. The 
FIG. 2 imaging array 130 generally provides a loWer per 
formance in terms of initial read success rate, but is advan 
tageous in terms of loWer cost and its requirement of only a 
minimal amount of silicon area. Thus, the FIG. 2 imaging 
array pattern may be particularly suitable for a loW-cost 
handheld optical reader. 
The alternative embodiments of FIGS. 3, 4 and 5 offer 

more reading area coverage and hence a shorter reading time 
on average. FIG. 3 depicts a CMOS imaging array 135 
having an asterisk pattern 136 of pixels. FIG. 4 depicts a 
CMOS imaging array 139 having a grid pattern 140 of 
pixels. FIG. 5 depicts a CMOS imaging array 144 having a 
combined grid and asterisk pattern 145 of pixels. Patterns of 
pixels can also be electrically con?gured to suit the needs of 
each particular user, trading pattern density for pattern 
repetition rate, by disabling lines or portions of lines. The 
more lines (or portion of lines) to be read, the greater the 
coverage, but the feWer times a complete read can be 
accomplished in a given time period. 

Conventional tWo-dimensional CMOS sensors have been 
fabricated for generic video-capture and machine vision 
applications, and are described, for example, in the folloW 
ing publications, each of Which is incorporated herein by 



US 6,311,895 B1 
7 

reference as if set forth fully herein: F. Andoh, et al., “A 
250,000-pixel Image Sensor With FET Ampli?cation at Each 
Pixel for High-Speed Television Cameras”, printed in tran 
scripts of 1990 IEEE International Solid-State Circuits 
Conference (Digest of Technical Papers), pp. 212—213; P. B. 
Denyer, et al., “CMOS Image Sensors for Multimedia 
Applications”, Proceedings of the IEEE Custom Integrated 
Circuits Conference (1993), pp. 11.5.1 to 11.5.4; E. Fossum, 
“Active Pixel Sensors Challenge CCDs”,Laser Focus World 
(June 1993), pp. 83—85; S. K. Mendis, et al., “LoW-Light 
Level Image Sensor With On-Chip Signal Processing”, Pro 
ceedings of the SPIE, vol. 1952, Aerospace Science and 
Sensing—Surveillance Sensors (1993), pp. 1—11; and O. 
Vellacott, “CMOS in Camera”, IEEE Review (May 1994), 
pp. 111—114. 

In conventional tWo-dimensional CMOS sensors, charge 
is converted to voltage locally at the pixel site and trans 
ferred upon demand via a metal bus. In contrast, a CCD 
sensor typically requires that charge be transferred pixel-to 
pixel across the CCD array, and not converted to voltage 
until it reaches the output ampli?er. Because the need for 
charge transfer over long distance, as done With a CCD 
array, is alleviated by using a CMOS sensor With local 
pixel-site charge-to-voltage conversion, process require 
ments for fabrication of the imaging array 102 may be 
substantially relaxed over the processing requirements of a 
CCD array. Relaxed processing requirements lead to more 
economical manufacture of integrated chips. 

The imaging array 102 of FIG. 1, embodied as, for 
example, any of the imaging arrays shoWn in FIGS. 2 
through 5, outputs a signal indicative of a level of received 
light at each selected pixel location. As depicted in FIG. 1, 
the imaging array 102 is preferably connected to the gain/ 
offset block 103, Which ampli?es or otherWise conditions the 
signal output from imaging array 102 and outputs video 
signal 112. Video signal 112 is loW pass ?ltered by loW pass 
?lter 106 and then sent to the edge detector 107. Edge 
detector 107 detects, in any of a variety of manners Well 
knoWn in the art (such as described, for example, in US. Pat. 
No. 5,463,211, incorporated herein by reference as if fully 
set forth herein), transitions in the video signal 112 corre 
sponding to transitions betWeen lighter and darker portions 
of the symbol read. The edge detector 107 outputs bar signal 
113 Which contains the edge detection information. 

The video signal 112 output from gain/offset block 103 
may, as previously noted, optionally be converted to a digital 
form by optional A/D converter 105 (shoWn in dotted lines 
in FIG. 1). If A/D converter 105 is used, then the loW pass 
?lter 106 may comprise a digital ?lter such as an in?nite 
impulse response (IIR) ?lter or ?nite impulse response (FIR) 
?lter. 

Bar signal 113 output from edge detector 107 is provided 
to a symbology decoder 109, Which identi?es the symbology 
of the symbol read in any of a variety of manners Well 
knoWn in the art, and outputs character data signal 114 and 
character clock signal 115. The symbology decoder 109 is 
optionally resident on the same chip as the other circuitry 
depicted in FIG. 1, and is therefore shoWn in dotted lines. 

In another aspect of the present invention, exposure time 
control circuitry is provided on-chip so as to adaptively 
adjust the amount of time the pixels of the imaging array 102 
collect light, and to optimiZe reading time. A single pixel, 
adjacent to or resident in the imaging array 102, or multiple 
pixels scattered about the imaging array 102 can be used to 
provide continuous feedback of the received light level to an 
exposure time control loop. 
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FIG. 15 is a diagram of an exemplary light exposure 

measurement circuit 350 comprising a single photo-detector 
352. The FIG. 15 photo-detector 352 comprises, in this 
example, a photo-electric diode 353 connected in parallel as 
shoWn With a capacitor 354. HoWever, any suitable photo 
detector architecture Will suf?ce. The photo-sensitivity of 
the photo-detector 352 is preferably approximately the same 
as that of the pixels of the imaging array 102. If, for 
example, the photo-detector 352 is constructed in a similar 
fashion to the photo-sensitive elements of the imaging array 
102, then the photo-detector 352 and the photo-sensitive 
elements of the imaging array 102 should preferably be of 
approximately the same siZe, so that the single photo 
detector 352 Will be an accurate gauge of hoW much light 
has been received and absorbed by the imaging array 102. 
The photo-detector 352 is used to measure light exposure 

of the imaging array 102. During a read operation, the 
photo-detector 352 collects charge in its potential Well until 
the voltage produced by this charge exceeds the voltage 
level of a threshold signal 361. The photo-detector voltage 
on line 355 is compared against threshold signal 361 using 
a comparator 360. When the voltage level of threshold signal 
361 is exceeded, comparator 360 changes state causing its 
output shutter signal 362 to change state, ending the expo 
sure for all pixels of the imaging array 102. Before the next 
exposure period, a clear signal 365 is asserted, draining the 
accumulated charge from the photo-detector 352 (i.e., from 
capacitor 354). 

Using an exposure control loop responsive to the shutter 
signal 362, the amount of time that the pixels in the imaging 
array 102 are exposed to incoming light is proportional to 
the time it takes for photo-detector 352 (the exposure control 
pixel) to charge to the threshold voltage of threshold signal 
361. The threshold voltage of threshold signal 361 can be 
varied to change the relative strength of the signal level 
output from the imaging array 102. 
TWo alternative system timing arrangements are disclosed 

for the adaptive exposure control loop. The ?rst timing 
arrangement is illustrated in FIGS. 10 and 11, and the second 
timing arrangement is illustrated in FIG. 12. 
The timing arrangement of FIGS. 10 and 11 involves 

varying the frequency of all appropriate clocks and control 
signals simultaneously in response. to changes in light level 
as detected by the light exposure measurement circuitry 
(such as that of FIG. 15). The exposure interval is de?ned for 
the purposes of FIGS. 10, 11 and 12 as the time betWeen the 
falling edge of the reset signal and the next assertion of the 
reset signal for a given pixel. For example, in FIG. 9, the 
exposure interval for the ?rst pixel starts at point 172, the 
falling edge of reset signal 160, and ends at point 179 With 
the next assertion of reset signal 160. 

The exposure interval increases as the measured light 
level decreases, and decreases as the measured light level 
increases, as measured by the light exposure measurement 
circuitry. FIG. 10 depicts a situation Where the system is 
operating in a relatively loW light level. The signals 190, 
191, 192 and 193 in FIG. 10 are analogous to signals 160, 
161, 163 and 164, respectively, depicted in FIG. 9. The 
exposure time period 217 of the ?rst pixel is the time period 
starting from point 203, the falling edge of reset signal 190, 
and ending at point 212 With the next assertion of reset 
signal 190. Similarly, the exposure time period 218 of the 
second pixel is the time period starting from point 205, the 
falling edge of reset signal 192, and ending at point 214 With 
the next assertion of reset signal 192. As compared against 
FIG. 11, the exposure time periods 217 and 218 are quite 
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long, and the frequency of transitions on the output bus, as 
re?ected by output bus signal 194, is fairly loW. 

FIG. 11, in contrast, depicts a situation Where the system 
is operating in a relatively high light level. The signals 220, 
221, 222, and 223 are analogous to signals 190, 191, 192 and 
193, respectively, depicted in FIG. 10, and to signals 160, 
161, 163 and 164, respectively, depicted in FIG. 9. Similar 
to FIG. 10, the exposure time period 245 of the ?rst pixel is 
the time period starting from point 232, the falling edge of 
reset signal 220, and ending at point 239 With the next 
assertion of reset signal 220. Similarly, the exposure time 
period 246 of the second pixel is the time period starting 
from point 234, the falling edge of reset signal 222, and 
ending at point 241 With the next assertion of reset signal 
222. As compared against FIG. 10, the exposure time 
periods 245, 246 are relatively short, and the frequency of 
transitions on the output bus, as re?ected by output bus 
signal 194, is fairly high. 

The second alternative system timing arrangement is 
illustrated in FIG. 12. In the FIG. 12 timing arrangement, the 
data clock frequency is kept constant, and instead the duty 
cycle of the reset signal for each pixel is varied, thereby 
changing the exposure time, in response to changes in the 
received light level. As shoWn in FIG. 12, a select signal 251 
for a ?rst pixel (such as a pixel 403 shoWn in FIG. 16) is 
asserted at point 255 in order to read out the contents of the 
?rst pixel. After the ?rst pixel is-read, a reset signal 250 for 
the ?rst pixel is asserted at point 256 to clear the ?rst pixel. 
After a period of time suf?cient to clear the ?rst pixel, the 
select signal 251 is de-asserted, and a select signal 253 for 
a second pixel is asserted at point 257. 

Unlike the timing arrangement of FIG. 9, When the select 
signal 251 is de-asserted, the reset signal 250 is not neces 
sarily de-asserted at the same time. Rather, the reset signal 
250 is maintained in an active state for a variable amount of 
time thereafter, as determined by the received light level. 
The less light as detected by the light exposure measurement 
circuitry, the sooner the reset signal 250 is de-asserted. 
Conversely, the more light as detected by the light exposure 
measurement circuitry, the later the reset signal 250 is 
deasserted. 

FIG. 12 illustrates that the timing of the falling edge of the 
reset signal 250 may vary. Although an exemplary range 265 
Within Which the falling edge of the reset signal 250 may lie 
is depicted in FIG. 12, this range 265 is for purposes of 
illustration only, and the actual range may vary depending 
upon a variety of factors (such as, for example, the relative 
maximum and minimum amounts of light received by the 
optical reader). An exposure time period 260 for the ?rst 
pixel is determined by the falling edge of the reset signal 250 
at point 261 until the next assertion of the reset signal 250 
at point 271 thereafter. The exposure time period for other 
pixels is determined in a similar manner. 

The exposure time period 260 is preferably the same for 
each pixel for a given reading cycle (i.e., for a single readout 
of all the pixels). The timing of falling edge of the reset 
signal 250 (as Well as the reset signals for each of the other 
pixels) is controlled by the light exposure measurement 
circuitry. An exposure control loop responsive to the light 
exposure measurement circuitry provides a variable delay 
period folloWing each select signal (e.g., select signal 251), 
after Which the reset signal (e.g., reset signal 250) falls. The 
variable delay period results in a variable duty cycle of each 
reset signal, Which thereby changes the exposure time in 
response to changes in light level. In operation, as described 
by Way of example for a ?rst pixel, the select signal 251 is 
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activated just before the reset signal. If the reset signal 250 
is high for a relatively large portion of the period betWeen 
pulses in select signal 251, then the exposure time period for 
the pixel Will be relatively short. If, on the other hand, the 
reset signal 250 is high for a relatively small portion of the 
period betWeen pulses in select signal 251, then the exposure 
time period for the pixel Will be relatively long. 

FIG. 17 is a diagram illustrating one example of an 
exposure time control circuit 450 in accordance With one 15 
embodiment of the present invention. FIG. 18 is a timing 
diagram illustrating various Waveforms associated With the 
FIG. 17 exposure time control circuit 450 and its effect on 
the pixel exposure timing of the imaging array (such as 
imaging array 102 in FIG. 1). The exposure time control 
circuit 450 of FIG. 17 comprises a light exposure measure 
ment circuit 451 (such as light exposure measurement circuit 
350 shoWn in FIG. 15), an exposure delay period calculator 
455, a clock generator 456, and a controller 453. The clock 
generator 456 is also connected to the imaging array (not 
shoWn) by Way of clock signals 465. 

In operation, the controller 453 starts an exposure period 
of the light exposure measurement circuit 451 by activating 
a start exposure signal 458. Activation of the start exposure 
signal 458 also causes the exposure delay period calculator 
455 to begin calculating the length of time it takes the light 
exposure measurement circuitry 451 to charge to a threshold 
voltage level, as described previously, for example, With 
respect to FIG. 15. The exposure delay period calculator 455 
is connected to the clock generator 456 Which outputs a 
system clock signal 463 to a variety of different destinations, 
including the exposure delay period calculator 455. The 
exposure delay period calculator 455 may be embodied as, 
for example, a digital counter Which counts the number of 
clock period of the system clock signal 463 until the light 
exposure measurement circuit 453 is ?nished charging to the 
threshold voltage level. When that occurs, the light exposure 
measurement circuit 451 activates an end exposure signal 
459 (similar, for example, to shutter signal 362 shoWn in 
FIG. 15), Which causes the exposure delay period calculator 
455 to stop counting clock cycles. 
The number of clock cycles counted by the exposure 

delay period calculator 455 may be transferred to clock 
generator 456 using exposure delay period signal 464 
(comprising, e.g., a set of digital lines each representing one 
bit). The clock generator 456 controls the readout period of 
each pixel of the imaging array. To adjust the length of 
exposure time of the pixels, the clock generator 456 adds the 
number of clock cycles calculated by the exposure delay 
period calculator 455 to each reset signal to maintain the 
reset signal for each pixel high for that additional time 
period. 

FIG. 18 illustrates a timing diagram according to the FIG. 
17 embodiment. FIG. 18 shoWs a series of ?xed readout 
periods 480a, 480b, 480c, . . . during Which pixel contents 
are read out. Exposure signal 290 shoWs the starting and 
stopping point of exposure time for the light exposure 
measurement circuit 451. Thus, for example, the controller 
453 commences the exposure time of the light exposure 
measurement circuit 451 by activating the start exposure 
signal at point 481. The light exposure measurement circuit 
451 activates the end exposure signal 459, indicating that the 
threshold voltage level has been reached, at point 482. 
Likewise, the controller 453 commences the exposure time 
of the light exposure measurement circuit 451 at additional 
points 483, 485, 487, and 489, and the light exposure 
measurement circuit 451 activates the end exposure signal 
459 at additional points 484, 486, and 488. 
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The time between the end exposure point and the imme 
diately following start exposure point comprises an exposure 
delay period denoted delay-1 g 490a, delay-2 490b, delay-3 
490c, and so on in FIG. 18. The exposure delay period 490a 
serves as an amount of extension time for each pixel reset 
signal in the immediately following readout period. Thus, as 
shoWn in FIG. 18, reset signal 491 associated With a ?rst 
pixel is asserted at point 493, during the active period of 
select signal 492 associated With the same ?rst pixel, and is 
held high even after select signal 492 falls. The reset signal 
491 is held high beyond the falling edge of the select signal 
492 at point 502 for the duration of the exposure delay 
period 490a calculated by the exposure delay period calcu 
lator 455. Although the reset signal for each individual pixel 
is offset from the previous pixel’s reset signal, each reset 
signal is held high for same exposure delay period 490a 
folloWing the falling edge of the select signal associated 
With that pixel. 

The effect of the FIG. 17—18 circuitry and timing is to 
provide an adaptive exposure time for the pixels of the 
imaging array, With the exposure time varying in response to 
the amount of time it takes for the light exposure measure 
ment circuitry 451 to reach the threshold voltage level. The 
exposure delay period 490a, 490b, 490c, . . . is determined 
aneW for each readout period iteration, and is applied to each 
of the pixels read out during a given readout period 480a, 
480b, 480c . . . (Which Will generally be all of the pixels). As 
can be seen in FIG. 18, the longer the time it takes the light 
exposure measurement circuit 451 to charge, the shorter the 
exposure delay period to be applied to the pixel reset signals, 
Which thereby alloWs more time for the pixels to receive 
light. Conversely, the shorter the time it takes the light 
exposure measurement circuit 451 to charge, the longer the 
exposure delay period to be applied to the pixel reset signals, 
Which thereby provides less time for the pixels to receive 
light. 
As noted, the same exposure delay period 490a, 490b, 

490c, . . . is preferably added to each pixel reset signal in a 
given readout. Thus, for example, all of the pixels Which are 
to be read out during readout period 480b Will be extended 
by exposure delay period 490a, all of the pixels Which are 
to be read out during readout period 480c Will be extended 
by exposure delay. period 490b, and so on. Because the same 
exposure delay period 490 is preferably added to each pixel 
in a given readout period, and each pixel has a separate 
select signal and a separate reset signal, the exposure delay 
period is captured and stored using digital circuitry (such as 
exposure delay period calculator 455) rather than being 
utiliZed, for example, in an analog feedback loop that 
dynamically adjusts the reset signals. Alternative circuitry 
may be employed for this same function, such as, for 
example, an analog or digital exposure time measuring 
means utiliZing a delay line With multiple taps, one tap for 
each pixel signal. 

FIG. 19 is a diagram of an alternative circuit arrangement 
serving a similar function to that of FIG. 17. In FIG. 19, an 
adaptive exposure control circuit 550 comprises a light 
exposure measurement circuit 552, similar to the circuit 
shoWn in FIG. 15. The light exposure measurement circuit 
552 receives a clear signal 554 from an oscillator 553, and 
outputs a shutter signal 556 to a serial-input shift register 
558. Shift register 558 is clocked by clock signal 565, Which 
is output from clock generator 565. Serial shift register 558 
has a plurality of output reset signals 561a—n, one for each 
pixel site circuit. The reset signals 561a—n are connected to 
an imaging array 562, Which produces a video output sig nal 
567. 
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In operation, the oscillator 553 generates a clear signal 

554 Which preferably comprises a square Wave of period T 
(corresponding to a ?xed read-time cycle) With a relatively 
short duty cycle. A brief pulse 583 clears the exposure 
element (i.e., the photo-detector) of the light exposure 
measurement circuit 552 at the start of each exposure cycle. 
The light exposure measurement circuit 552 generates a 
shutter signal 556 in a manner similar to that shoWn in FIG. 
15. When the shutter signal 556 sWitches states (in response, 
for example, to the photo-detector voltage exceeding a 
threshold voltage level), the change in the shutter signal 556 
propagates doWn shift register 558 at a speed regulated by 
the clock signal 565. As the sWitch in signal states of the 
shutter signal 556 reaches each stage 561 of the shift register 
558, it activates the corresponding one of reset signals 
560a—n. Reset signals 560a—n are thereby sequentially 
activated, and remain so until the shutter signal 556 is reset 
in response to the clear signal 554 output from oscillator 
553. 
The effect of the FIG. 19 circuit is to achieve a variable 

duty-cycle exposure control signal for each pixel, tied to the 
output of light exposure measurement circuit 552, With a 
?xed read cycle of period T. 

Comparing the operation of the timing arrangement of 
FIG. 10 and 11 With that of FIG. 12, in general the timing 
arrangement of FIG. 10 and 11 is preferred from the stand 
point that it tends to minimiZe the time-to-read over a variety 
of different light levels, provided suf?cient adjustments are 
made to the signal processing circuitry, as explained in more 
detail beloW. The timing arrangement of FIGS. 10 and 11 
correlates the read time to the received light level, shorten 
ing the read time When received light is abundant, and 
lengthening the read time When received light is relatively 
scarce. 

The FIG. 12 timing arrangement, on the other hand, uses 
a constant read-out time period, and adjusts the exposure 
time by adjusting the duty cycle of the reset signal of each 
pixel. The FIG. 12 timing arrangement therefore generally 
provides a constant read-out time period that is ?xed accord 
ing to the Worst-case ambient light condition, in Which case 
the time it Would take for the light exposure measurement 
circuit 451 to reach the threshold voltage level Would be at 
a maximum. In strong lighting conditions, the exposure time 
of the pixels may be short, but the readout time Will remain 
the same as for the Worst-case lighting conditions, therefore 
causing some loss of reading speed efficiency. HoWever, the 
FIG. 12 timing arrangement generally provides a constant 
output data rate, Which simpli?es decoding. This effect may 
be advantageous Where limitations on decoder speed exist, 
such as Where an external decoder (such as certain types of 
remotely located decoders to Which a multiplicity of optical 
readers are connected) is being used for receiving and 
decoding the raW output data (such as, e.g., raW bar/space 
signal data). 

In implementation, the light exposure measurement cir 
cuitry and related exposure time control circuitry (such as 
that shoWn in FIG. 17, for example) preferably resides on the 
same chip substrate as the imaging array 102 and selected 
other circuitry. In particular, such circuitry preferably is 
incorporated as part of the circuitry of shutter time controller 
121. In the case Where the timing arrangement of FIGS. 10 
and 11 is used, shutter time controller 121 connects to clock 
generator 122 Which adjusts the frequency of the appropriate 
clocks and control signals in response to the measured light 
level. The clock generator 122 connects to the address 
generator/decode logic block 123, Which controls the charge 
time and readout rate of the pixels of the imaging array 102. 
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For the FIG. 12 timing arrangement, signal processing of 
the output of the imaging array 102 (see FIG. 1) may be 
carried out using signal processing circuitry having constant 
time-domain response characteristics in order to provide 
constant spatial bandwidth. Many conventional ?xed 
response analog or digital signal processing systems can be 
employed or adapted for use With the FIG. 12 timing 
arrangement. 

If the timing arrangement of FIGS. 10 and 11 is used, on 
the other hand, conventional signal processing methods are 
likely to be inappropriate because the data rate from the 
output of the imaging array 102 Will generally vary With the 
level of received light, While the time domain response of 
the signal processing circuitry remains constant. Using 
conventional signal processing circuitry With a static time 
domain response Would tend to cause the spatial bandWidth 
(qualitatively, the smallest feature siZe on the target passed 
by the signal processor) to vary With light level. Because bar 
code minimum feature siZes are often chosen to be just large 
enough to alloW them to be clearly distinguished from 
particulate features of the base medium and/or the ink, it is 
generally desirable to keep the spatial bandWidth as close to 
constant as possible. For this reason, a preferred signal 
processor used With the variable frequency timing arrange 
ment of FIGS. 10 and 11 is constructed so as to vary its time 
domain response in proportion to the imaging array data 
clock, in such a Way that the spatial response is invariant. 
A preferred signal processor comprises a ?lter such as a 

synchronous digital ?lter having a ?nite-impulse response 
(FIR) or in?nite-impulse response (IIR), a synchronous 
transversal analog ?lter using clocked bucket-brigade delay 
lines (generally based on CCD or sample-and-hold 
techniques), or a sWitched-capacitor ?lter, each of Which can 
be con?gured to provide invariant time domain response by 
using the same adjusted-frequency clock signal as used to 
access and readout the pixels of the imaging array 102. 

Synchronous delay-line differentiators may also be used 
in the signal processing, in Which the derivative or deriva 
tives used for peak detection are derived from the difference 
betWeen the current pixel amplitude and that of its adjacent 
neighbor(s). Delay-line based differentiators are further 
described in, for example, US. Pat. No. 5,463,211, incor 
porated herein by reference as if set forth fully herein. 
Similarly, peak detectors Whose time-domain attack and 
decay characteristics vary according to an input data clock 
rate can be utiliZed in the signal processing circuitry and 
implemented in a straightforWard manner by those skilled in 
the art. An advantage of combining the variable frequency 
imaging array (such as described, for example, With respect 
to the timing diagrams of FIGS. 10 and 11) and synchronous 
signal processor is that the time betWeen image capture and 
successful decode is minimiZed over a large range of light 
levels. 

Using a CMOS process, both the adaptive exposure 
control pixel of FIG. 15 and the adaptive exposure control 
loop circuitry described above, as Well as the signal pro 
cessing circuitry if desired, could be implemented on the 
same substrate as the imaging array 102. The adaptive 
exposure control loop circuitry can be designed to consume 
very little poWer, alloWing it to be enabled constantly. 
Another advantage of this adaptive exposure control loop is 
that the exposure time may, during a test read period, be 
nearly optimally set before the user enables the bar code 
reader, reducing considerably the time required to read the 
bar code. For example, a bar code reader can sample the 
ambient light When the bar code reader is not in use (i.e., not 
triggered by the user), and can use the sample light readings 
to set the exposure time prior to triggering. 
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While the above-described systems apply to single-line 

optical readers and to multiple-line optical readers in Which 
the lines do not intersect, different approaches may be 
necessary Where intersecting lines of pixels are used since 
the pixels at the intersections need to be read more than 
once. Examples of optical readers having potentially inter 
secting lines of pixels are those shoWn, for example, in 
FIGS. 3, 4 and 5. One approach to address the problem of 
having to read the same pixel multiple times is that, under 
high level light conditions, each line of pixels may be 
exposed and read out before processing the next line of 
pixels. This approach, hoWever, is someWhat unsatisfactory 
in that it results in sloWer performance at loW light levels, as 
the generally time-consuming exposure process must 
be-done separately, in serial, for each line of pixels. It is 
therefore preferred to alloW exposure of all of the lines of 
pixels to occur simultaneously. 

Apixel design Which provides for non-destructive readout 
and simultaneous exposure of multiple lines of pixels is 
shoWn in FIGS. 13 and 14. FIG. 14 depicts a circuit 
schematic of the pixel site circuit 300, While FIG. 13 depicts 
a schematic of the pixel site circuit including representation 
the charge stored in MOSFET Q1“ using a potential graph 
315. 

In FIGS. 13 and 14, a set of common signals is provided 
to each of the pixels of an imaging array (such as imaging 
array 102 of FIG. 1). Thus, a voltage source (VDD) signal 
301, a reset signal 302, a read out gate (ROG) signal 303, a 
shutter signal 304, and an output bus line 312 are common 
for all pixels of the imaging array. A separate select signal 
313 is unique to each pixel. 

In operation of the pixel circuit of FIGS. 13—14, free 
electrons generated at an extended photogate 307 of MOS 
FET Q5“ are drained by activating the shutter gate 306, 
using shutter signal 304, until exposure of the pixel is to 
begin. At such a time, the shutter gate 306 (i.e., the gate of 
MOSFET Q6“ shoWn in FIG. 14) closes and the photogate 
307 begins to accumulate charge. To end the exposure of the 
pixels, the read out gate 308 (i.e., the gate of MOSFET Q4“ 
shoWn in FIG. 14) is enabled by asserting the read out signal 
303. The read out gate 308 then passes the accumulated 
charge to the storage region 320 under the output source 
folloWer gate 309 (i.e., the gate of MOSFET Q1“). This 
charge remains in the storage region 320 While the pixel is 
selected (by asserting select signal 313 associated With the 
particular pixel to be accessed), as many times as is neces 
sary to read out the charge information for each pixel line in 
Which the particular pixel is a member in the total pattern of 
pixels. The source folloWer MOSFET Q1“ is connected to 
the output bus line 312 through the select MOSFET Q2“ 
When the select signal 313 is asserted, thereby alloWing 
reading of the accumulated charge (i.e., voltage) level. 
TWo options for resetting the pixel circuits 300 of the 

imaging array are then possible. The ?rst option is to reset 
all pixels simultaneously by asserting the common reset 
signal 302 after the entire image has been read. This 
approach is the simpler of the tWo, because only a single 
reset line 302 is needed for all pixels of the imaging array. 
Alternatively, each pixel may be independently reset imme 
diately after the last read by activating that pixel’s reset 
signal 302, so as to alloW the reset level to be subtracted 
from the signal level (as explained previously, for example, 
With respect to FIG. 9). This second option provides much 
reduced ?xed pattern noise, at the expense of a separate reset 
signal 302 line for each pixel. 

FIG. 20 is a diagram of portions of a preferred optical 
reader including condensed CMOS circuitry. The preferred 










